Wires prepared by the solid-phase-compaction followed by heavy wire-drawing of atomized CuZr alloy powders were studied. Microstructures and mechanical and electrical properties of wires drawn from hypoeutectic Cu-1, Cu-3 and Cu5 at%Zr alloys, preprocessed by spark plasma sintering (SPS), were investigated. The microstructures of specimens formed by SPS of the powders changed into fine dual-phased structures comprising phases of Cu and the intermetallic compound Cu 5 Zr, which was dispersed in the Cu matrix. The volume fraction of the intermetallic compound Cu 5 Zr in SPS specimens increased with an increase in the Zr content. The ultimate tensile strength (UTS) values of the specimens increased, while their electrical conductivity (EC) values decreased simultaneously. The alloy wires, preprocessed by SPS, contained dual-phased microstructures in which the intermetallic compound Cu 5 Zr was dispersed in the shape of small islands in the Cu matrix. Drawn Cu-1, Cu-3 and Cu5 at%Zr alloy wires exhibited UTS values of 603, 698 and 789 MPa, respectively, and EC values of 87, 70 and 52% IACS (International Annealed Copper Standard), respectively. The UTS values were about 4056% lower and EC values about 2860% higher than those previously reported for wires preprocessed by casting. The lamellar structures of the ¡-Cu and eutectic (Cu+ intermetallic compound Cu 9 Zr 2 ) phases in the drawn wires preprocessed by casting improved the mechanical properties of the wires. The microstructures of the intermetallic compounds Cu 5 Zr, which was uniformly dispersed in the Cu matrix in the drawn wires preprocessed by SPS, helped increase the electrical conductivity of the wires.
Introduction
Copper alloys used in electronic devices are expected to exhibit higher strengths and higher electric conductivities. During the development of such materials, the techniques used for processing the raw materials and the following intermediate thermal and mechanical processes greatly affect the final material characteristics as well as the compositions of the alloys.
Several studies investigating the production and characteristics of new copper alloy materials have been reported recently. These materials include CuCr, 1) CuFe 2) and Cu Nb 3) alloys that contain small amounts of hard metal particles dispersed within their matrices. Some examples of such materials are yellow brass or Cu with solid-phase-sintered tungsten 4, 5) and Cu with Al 2 O 3 dispersed by an internal oxidation method. 6) Furthermore, drawn CuAg alloy wires 7, 8) with a eutectic lamellar structure prepared by casting have been also studied. Sakai et al. studied CuAg alloys reinforced by fiber-like structures in which the primary and eutectic phases underwent elongation during the cold wiredrawing process.
912) Bevk et al. 3) reported a high-strength Cu12.5 at%Nb alloy that was heavily worked, leading to the development of Nb filaments within its matrix; the alloy wire exhibited an ultimate tensile strength (UTS) of 2230 MPa.
We previously investigated the nanosized lamellar structures of hypoeutectic Cu0.55 at%Zr alloy wires that were prepared by casting using a copper mold with a rod-shaped cavity and cold wire drawing. We also studied the effect of the lamellar structures on the mechanical and electrical properties of wires drawn from the Cu-0.55 at%Zr alloys 1317) and found that the UTS and electrical conductivity (EC) values of these wires were 6902234 MPa and 1683% IACS (International Annealed Copper Standard), respectively.
On the other hand, Kimura et al. 18) reported that extruded and spark-plasma-sintered (SPS) Cu4.5 at%Zr alloys prepared by powder metallurgy exhibit fine hypoeutectic phase structures as well.
This study aimed to develop a new material for wires by the solid-phase compaction of atomized binary CuZr alloy powders followed by heavy wire drawing. We focused on the fine microstructures formed during the rapid solidification process. The microstructures and mechanical and electrical properties of the drawn hypoeutectic Cu-1, Cu-3 and Cu 5 at%Zr alloy wires, preprocessed by spark plasma sintering, were also investigated.
Experimental Procedures
Cu-1, Cu-3 and Cu5 at%Zr alloy powders were purchased from Fukuda Metal Foil & Powders Co. Ltd.; these were produced by the high-pressure gas-atomizing method. The powders were sifted and only particles smaller than 106 µm in size were chosen. The sizes of the particles were measured by the LASER diffraction method using a particle size distribution analyzer (Shimadzu SALD-3000J). These sifted powders then underwent solid-phase compaction by spark plasma sintering (SPS). An SPS apparatus (Model 3.2MK-IV, SPS Syntex, Kanagawa, Japan) was used to prepare test specimens. The pressure of the process chamber was kept at about 1.5 Pa. Samples of the sifted powders (225 g in weight) were placed in a graphite cavity with dimensions of 50 © 50 © 10 mm and sintered by applying pulsed direct currents of 34 kA. The following parameters were used during the sintering process: heating rate = 0.4 K/s; final sintering temperature = 1173 K, which corresponded to about 0.9 times the melting temperature, T m , of the test material; holding time = 15 min; and uniaxial pressure = 30 MPa.
For drawing the wires, the sintered plates of the alloys were machined into round bars with dimensions of 10 mm (diameter) © 50 mm (length). The bars were drawn down to a diameter of 1 mm (corresponding to a drawing ratio, ©, of 4.6) by swaging, groove rolling, and roller-die drawing, with intermediate annealing at 923 K. Thereafter, wires with diameters of 0.0370.60 mm (© = 11.25.6) were drawn continuously using diamond dies. The drawing ratio, ©, is defined by the eq. (1), with A o and A being the original and final cross-sectional areas of the drawn wire specimens, respectively.
Specimens for scanning electron microscopy (SEM) observations were prepared using a cross-section polishing apparatus (JEOL SM-9010). Thin film specimens for scanning transmission electron microscopy (STEM) observations were prepared using a twin-jet-type electrolytic polishing apparatus (Struers Tenupol-3) and an electrolyte solution that was a mixture of 30% nitric acid and 70% methanol. High-magnification microstructural imaging was performed using field-emission scanning electron microscopy (FE-SEM) (JEOL JSM-7000F), STEM (JEOL JEM-2100F) and the nanoelectron beam diffraction (NBD) method. Energy-dispersive X-ray spectroscopy (EDX) analyses were carried out using a JEOL JED-2300T system and an electron beam with a diameter of approximately 1 nm. Analyses of the intermetallic compound phases were performed by the X-ray diffraction (XRD) method using CoK¡ radiation.
The electrical conductivities of the sintered and wire specimens were calculated using eq. (2), where the electrical conductivity (EC) of a standard sample, confirming to the International Annealed Copper Standard (IACS), was 0.017241 µ³m at 293 K. µ is the electrical resistivity of the samples measured using a monoprobe in the case of the sintered specimens and a four-probe technique in the case of the wire specimens. These wire specimens were 500 mm in length at room temperature.
Tensile tests were performed on the drawn wires at room temperature using a multifunctional tensile-testing machine that confirmed to the JIS B7721 Class 0.5 Standard (Shimadzu AG-I). The ultimate tensile strength (UTS) of the drawn wires were measured once (in the case of © = 4.6 7.0) and twice (in the case of © = 0), or three times (in the case of © > 7.0) to obtain average values.
The hardness and Young's modulus values of the intermetallic compounds were measured using a nanoindentation system (Agilent Technologies Nanoindenter XP/DCM) under the continuous stiffness measurement (CSM) mode. During the measurement process, the triangular pyramid Berkovich indenter was excited with a frequency of 45 Hz and amplitude of 2 nm. Five indentations within a defined displacement range 2040 nm were made on the surfaces of the test specimens until the measured hardness and Young's modulus became almost constant. The results were the average of the five measurements.
Results and Discussion

Atomized powders
The average sizes of the particles for the Cu-1, Cu-3 and Cu5 at%Zr alloy powders, sifted to less than 106 µm, were 26, 23 and 19 µm, respectively. The particle sizes distributions of these powders were almost log-normal in nature. The particle sizes decreased with an increase of the Zr content of the powders. This fact suggested that the viscosity of the molten alloys decreased when their compositions approached to their eutectic point (Cu8.6 at%Zr 19) ). The oxygen content of the powders, measured using the He gas fusion infrared absorption method, were approximate 0.100 mass%. All the powders exhibited the same content levels.
Figure 1(a) shows the scanning electron microscopic backscattered electron image (SEM-BEI) of a cross-section of the particles for the Cu5 at%Zr alloy powder; the particles were approximately 36 µm in size. The atomized particles were almost spherical in shape. Figure 1 (b) shows a highmagnification image of the part A enclosed in the square in Fig. 1(a) . Dendrite-like microstructures of the ¡-Cu and eutectic phases were formed in the particle. The arms of the secondary dendrite were short. This suggested that these particles solidified rapidly during the atomization process. The average value of secondary dendrite arm spacing (DAS), measured at four other points, was 0.81 µm. This was less than one-third of the value for the Cu4 at%Zr alloy rod that was rapidly cast into a copper mold, which exhibited a secondary DAS value of 2.7 µm. 13) On the other hand, the dendrite arms were not formed in the case of the cast Cu5 at%Zr alloy rod, owing to the presence of small ¡-Cu phases, 13) and hence its DAS value could not be measured. This result indicated that the solidification rates of the atomized powders were higher than those of the cast rods. Figure 2 (a) shows the X-ray diffraction (XRD) profiles of the atomized powder for the Cu5 at%Zr alloy. In this profile, Cu and Cu 5 Zr phases (ICDD No. 40-1322) were identified, indicating that atomized powder is consisted of eutectic phase. Furthermore, other peaks, related to an unknown phase and indicated by the arrows, were also detected. These unknown peaks did not correspond to the diffraction angles of any intermetallic compounds (such as Cu 9 Zr 2 ) seen in the CuZr equilibrium phase diagram. 19) We intend to investigate the unknown phase further.
Spark-plasma-sintered specimens
The specific gravities of the spark-plasma-sintered (SPS) Cu-1, Cu-3 and Cu5 at%Zr alloy specimens, measured by means of Archimedes method, were 8.92, 8.85 and 8.79, respectively. These values were comparable to the gravity (8.79) of a compeletely consolidated Cu4.5 at%Zr alloy. 18) The XRD profiles of the sintered Cu5 at%Zr alloy specimen are shown in Fig. 2(b) . The diffraction peaks of the Cu, Cu 5 Zr, and the unknown phases were the same as those of the Cu5 at%Zr alloy powder seen in Fig. 2(a) . This suggested that the fundamental structure of this powder did not change after sintering. A few of the diffraction peaks in (b), however, sifted slightly toward smaller angles. This means that the lattice parameters of the sintered specimens were larger than those of the corresponding atomized powder. This might be because the lattice strains induced in the powder by rapid solidification were reduced to a small degree. Similar trends were noticed in the case of the SPS Cu-1 and Cu-3 at%Zr alloy specimens as well.
Figures 3(a)(c) show cross-sectional SEM images of the SPS Cu-1, Cu-3 and Cu5 at%Zr alloys perpendicular to the compression axis. A few voids can be seen in each specimen. This suggests the sintered specimens were sufficiently consolidated. The microstructures of the cross-sections parallel to the compression axis were similar to those of the perpendicular cross-sections. It is observed that the microstructures were not heterogeneous. The volume fraction of the bright area of the microstructures increased with an increase in the Zr content. In addition, the SEM-EDX results of the microstructures, shown in Fig. 3(c) , did not show the presence of Zr in the dark area. It might be reasonable to take the Zr content in this part shown in Fig. 3(c) lower than the detection limit of SEM-EDX system. As reported by Muramatsu et al. 13) however, 0.3 at%Zr is soluble in the matrix of ¡-Cu phases. On the other hand, 16.9 at%Zr was detected in the bright phase. The detected Zr content in the bright phase was in accordance with the stoichiometric composition of 16.9 at%Zr for the intermetallic compound Cu 5 Zr. This fact shows that Zr existed mainly in the intermetallic compound phase. The intermetallic compound Cu 5 Zr was dispersed in the shape of small islands in the Cu matrix. Figure 4(a) shows the high-magnification micrograph of FE-SEM-BEI for the SPS Cu5 at%Zr alloy specimen. The channeling patterns corresponding to the points were different. This suggests that the Cu 5 Zr and Cu phases had different orientations, and there was incoherence between them. This result is in contrast to the coherence between the eutectic (Cu + Cu 5 Zr) and Cu phases in the cast Cu-0.5, Cu-1 and Cu-2 at%Zr alloys previously reported by Muramatsu et al. 17) In addition, the microstructures of the SPS Cu-1, Cu-3 and Cu5 at%Zr alloy specimens, shown in Fig. 3 , are more homogeneous than those of the cast Cu-0.55 at%Zr alloy rods 13, 16, 17) and exhibited a finer dual-phased structure. This fact indicates that the SPS specimens can potentially be drawn into wires. This feature is one of important characteristics of alloys prepared by the SPS process which can increase or decrease the temperature of the specimen in a short period. Figure 5 show the STEM images and NBD patterns of the SPS Cu5 at%Zr alloy specimen. Figure 5(a) is a STEM-BF image and Fig. 5(b) is a high-magnification high-angle annular dark-field (HAADF) image of the portion A in Fig. 5(a). Figures 5(c) , 5(d) and 5(e) are the NBD patterns of the points 1 (Cu 5 Zr), 2 (Cu) and 3 (an oxide particle) in Fig. 5(b) , respectively. The image in Fig. 5(a) shows clearly the dual-phased microstructures of the dark phases (Cu) and the bright phases (Cu 5 Zr). The curved lines located between the arrows indicate boundaries of the original atomized powder particles. No dislocation substructure with a high pile-up density was observed in the Cu phases. The Cu phases exhibited coarsened grain structure after their recovery and recrystallization. The HAADF image in Fig. 5(b) shows the bright phase (Cu 5 Zr) dispersed in the dark phase (Cu). It can be observed that oxide particles of approximate 3080 nm in size were dispersed along the original boundaries of the powder particles.
The EDX results corresponding to the points 1 (Cu 5 Zr), 2 (Cu) and 3 (an oxide particle) are shown in Table 1 . On the basis of the data listed in Table 1 , it can be said that the phases at points 1, 2 and 3 are of the intermetallic compound (Cu 5 Zr), Cu, and an oxide phase (comprising Cu, Zr and O), respectively. The EDX results suggest that the SPS Cu 5 at%Zr alloy specimens consisted of Cu, Cu 5 Zr, and some CuZrO-system phases. The EDX results suggest that single phases of Cu and Cu 5 Zr were formed during the sintering process. These single phases were presumably the results of the change from the dendrites, which comprised of the ¡-Cu and the eutectic (Cu + intermetallic compound Cu 5 Zr) phases shown in Fig. 1 .
The lattice plane spacings obtained from the diffraction patterns are shown in Fig. 5(c) , were in good agreement with those of the intermetallic compound Cu 5 Zr. In addition, those corresponding to the point 2 in Fig. 5(d) agreed with those of the Cu. Those related to the point 3 in Fig. 5(e) , however, were not in accordance with those of any copper oxides, because it was a CuZrO-system phase. Through these results, it can be reasonable to consider that the Cu of the eutectic phase diffused during sintering and the surrounding Cu grains coarsened and linked with the original ¡-Cu matrix in a network-like manner with those undergoing recovery and recrystallization. On the other hand, it seems that the Cu 5 Zr of the eutectic phase was left behind and its structure changed into a single-phased one. This can be understood on the basis of the fact that there was incoherence between the Cu and Cu 5 Zr phases shown in Figs. 4(b) and 4(c) . Moreover, this was also speculated from the Cu 5 Zr dispersions, which left some traces of distribution of the eutectic phase in the dendrites shown in Fig. 1(b) . The H IT values can be converted into the Vickers hardness H v using eq. (3).
20)
Thus, the H v value of Cu 5 Zr phase is 585. This value was 24% higher than that of the intermetallic compound Cu 9 Zr 2 , which is 470 « 30 H v , as determined by Glimois 21) and 6.5 times of the hardness of oxygen free copper (OFC) (C10200), which is 89 H v .
22) The Young's modulus, E, of the intermetallic compound Cu 9 Zr 2 was 159.5 GPa, which is 35% higher than that of OFC, 118 GPa.
23)
Drawn wire specimens
Wires were drawn from rod-shaped specimens with dimensions of 10 mm (diameter) © 50 mm (length). The rod-shaped specimens were prepared from 50 © 50 © 10 mm plates of the SPS Cu-1, Cu-3 and Cu5 at%Zr alloys by turning. It was possible to draw down all the sintered specimens to wires of 1 mm in diameter (© = 4.6) without any breakage. The Cu-1, Cu-3 and Cu5 at%Zr alloy specimens were further drawn into wires of 0.037 mm in diameter (© = 11.2), 0.16 mm in diameter (© = 8.3), and 0.60 mm in diameter (© = 5.6), respectively. Wire-drawability of the alloy specimens trended to become higher with a decrease in their Zr content, that is, a decrease in the amount of Cu 5 Zr. The UTS and EC values of the wires thus obtained were 603 MPa and 87% IACS, 698 MPa and 70% IACS, and 789 MPa and 52% IACS, respectively. Figure 6 shows the relationship between drawing ratios and the UTS and that between the ratios and the EC for the drawn wires. The UTS increased with an increase in the drawing ratio. On the other hand, the EC remained almost constant for all the drawing ratios. The corresponding values of the Cu-1, Cu-3 and Cu 5 at%Zr alloy wires drawn from cast rods with almost the same drawing ratios were 998 MPa and 68% IACS (© = 10.4), 1572 MPa and 28% IACS (© = 8.6), and 1773 MPa and 24% IACS (© = 5.9), respectively. 1317) These relations between UTS or EC and © are also shown in Fig. 6 for comparison. The UTS values of the wires drawn from the SPS specimens were about 4056% lower, while the EC values were 2860% higher than those of the wires from the cast rods. Figure 7 shows the cross-sectional SEM images of the Cu-1, Cu-3 and Cu5 at%Zr alloy wires parallel to the drawing axis. The images of (a)(c) are those of the drawn Cu-1 at%Zr Table 1 Results of EDX analysis of the spark-plasma-sintered Cu5 at%Zr alloy specimen. The points 13 correspond to the points 13 in Fig. 5 alloy wire (© = 11.2), Cu-3 at%Zr alloy wire (© = 8.3) and Cu5 at%Zr alloy wire (© = 5.6), respectively. After heavy wire-drawing, the dispersion of Cu and the intermetallic compound Cu 5 Zr phases observed in (a)(c) became more homogeneous. It seems that the intermetallic compound Cu 5 Zr is hardly deformed due to its high hardness (listed in Table 3 ) and incoherence to the Cu matrix. On the other hand, the Cu matrix is easily deformed during drawing. As a result, the dispersion of Cu 5 Zr becomes more homogeneous. These dispersed microstructures differed significantly from the small and fine lamellar structures, which consisted of the ¡-Cu and eutectic (Cu + Cu 8 Zr 3 or Cu + Cu 9 Zr 2 ) phases seen in the Cu-0.55 at%Zr alloy wires. 1317) This suggested that microstructures of the ¡-Cu and the eutectic (Cu + Cu 9 Zr 2 ) phases were effective in improving the mechanical strength of the corresponding wires. On the other hand, the microstructures of the intermetallic compound Cu 5 Zr, dispersed homogeneously in the Cu matrix, were effective in improving the electrical conductivity of the corresponding wires. The mechanical property of the drawn hypoeutectic CuZr alloy wires preprocessed by SPS is attributable to the Cu 5 Zr dispersive reinforcement and the high electrical conductivity is supported by the Cu grains linking with each other in a network-like manner. In the future, we aim to study the relationships between the microstructures present in the wires and the mechanical and electrical properties of the wires in greater detail and establish principles for developing new hypoeutectic CuZr alloy wire materials with high strength and high electrical conductivities.
Summary
The microstructures and mechanical and electrical properties of drawn hypoeutectic Cu-1, Cu-3 and Cu5 at%Zr alloy wires preprocessed by spark plasma sintering (SPS) were investigated. The following results were obtained.
(1) The microstructures of the sintered specimens formed from the alloy powders changed into fine dual-phased structures comprising single phases of Cu and the intermetallic compound Cu 5 Zr. The intermetallic compound was dispersed in the shape of small islands in the Cu matrix. Finally, the volume fraction of the Table 2 Spacings of the lattice parameters, obtained from the NBD patterns of the points 13 seen in Fig. 5(b) . Drawing ratio, η 
EC (%IACS)
